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Abstract: We experimentally and numerically investigate elastic wave propagation in a class of lightweight 
architected materials composed of hollow spheres and binders. Elastic wave transmission tests demonstrate the 
existence of vibration mitigation capability in the proposed architected foams, which is validated against the 
numerically predicted phononic band gap. We further describe that the phononic band gap properties can be 
significantly altered through changing hollow sphere thickness and binder size in the architected foams. 
Importantly, our results indicate that by increasing the stiffness contrast between hollow spheres and binders, the 
phononic band gaps are broadened and shifted toward a low-frequency range. At the threshold stiffness contrast 
of 50,  the proposed architected foam requires only a volume fraction of 10.8% while exhibiting an 
omnidirectional band gap size exceeding 130%. The proposed design paradigm and physical mechanisms are 
robust and applicable to architected foams with other topologies, thus providing new opportunities to design 
phononic metamaterials for low-frequency vibration control. 
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1. Introduction 
Noise and vibration are becoming an increasingly hazardous form of pollution as cities become busier and 
technology advances. Sources of noise and vibration pollution can be airborne or structural-borne and include 
construction, traffic, and wind. These undesired noises and vibration not only have negative impacts on the 
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physical and social health by impacting sleep patterns, hearing abilities, and concentration [1,2], but also 
deteriorate the structural integrity of civil infrastructures [3,4] and the functionality of high-precision industrial 
equipment [5]. To control noise and vibration pollution, both active and passive control methods have been 
developed in the past few decades. Active noise control works best for mechanical waves that travel primarily in 
the longitudinal direction through gas mediums, such as air. In this method, a second wave is generated to 
interactive with the wave source and they ultimately cancel each other out. Though the operating frequency range 
is limited, the perfect control effect makes this approach have many applications such as noise-canceling 
headphones, active mufflers, and anti-snoring devices [6,7]. Passive control involves the passing of waves through 
a soft or hard material so that the mechanical waves will either be dampened or reflected, respectively.  Because 
of the broad vibration control frequency range, the passive approach has been widely employed in pumps, motors, 
isolation of civil engineering structures, and sensitive laboratory equipment [8-10]. While each method is effective 
in its own way, these control methods can contribute negatively to the cost or mass of a system and are not 
appropriate in all applications [11]. Many newly-developed composites such as carbon fiber-reinforced 
composites exhibit increased strength properties at the expense of noise and vibration control capabilities 
compared to more traditional soft bulk materials used in passive control approach [12]. For this reason, the 
architectures and mechanical properties of composite materials are being analyzed and optimized to exhibit 
enhanced strength and damping properties [13,14].  
Moving towards architected materials, which are rationally designed multiscale material systems, exhibit novel 
functionalities and unique properties that cannot be readily achieved in natural bulk solids [15,16]. In addition to 
the unusual mechanical and physical properties, architected materials have been designed and optimized for novel 
elastodynamic wave phenomena. One example of such architected materials is phononic metamaterial, which 
consists of periodically topological structures and materials dispersions and has the ability to manipulate the 
propagation of mechanical waves [17-29]. The periodic structures of phononic crystals produce omnidirectional 
band gaps-ranges of frequencies where elastic waves cannot propagate. In these band gaps, mechanical waves 
decay exponentially and are thus mitigated. Phononic band gaps are formed through two main mechanisms, Bragg 
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scattering and local resonance. Band gaps induced by Bragg scattering are dependent on order and the symmetry 
of the lattice and can be modified with a stronger or weaker mismatch in the mechanical impedance of a 
composite’s materials [30,31]. Band gaps form by way of local resonance due to the excitation of resonant 
frequencies; these band gaps are independent of periodicity [32-37]. Phononic crystals with Bragg-type band gaps 
are limited, however, in their application because they do not attenuate vibration at lower frequencies without 
requiring large geometries. Inducing these lower frequency band gaps is being achieved through the production 
of phononic metamaterials that exploit locally resonant masses to absorb energy [38]. Despite these advances, the 
application of phononic metamaterials is largely hindered by their limited operation frequency ranges and inferior 
mechanical properties. Designing lightweight phononic metamaterials with low-frequency vibration mitigation 
capability is still challenging. 
Here we choose architected hollow sphere foams (AHSFs) as the model system to address the above challenge. 
In the past decades, hollow sphere foams (HSFs) have been investigated intensively, because of their exceptional 
mechanical, thermal, and acoustic properties. For example, earlier finite element simulations have revealed that 
architected hollow sphere metallic foams with a face-centered cubic lattice symmetry exhibit the highest moduli 
and yield strength when compared with foams with other lattice symmetries [39,40]. In addition, anisotropic 
feature and considerable fatigue resistance of HSFs have been reported [41,42]. Under large deformation, HSFs 
show good energy absorption characteristic, which is controlled by loading rate, geometric parameters, and 
topologies [43]. These prominent mechanical properties make hollow sphere foams ideal candidate for 
automotive applications where lightweight design and enhanced mechanical properties are simultaneously 
pursued. In addition to these mechanical properties, theoretical models along with finite elements simulations 
indicate that architected hollow sphere foams can be designed with low thermal conductivity by tailoring the 
packing fraction, shell, and binder geometry [44]. In parallel, it has been demonstrated that both random and 
rationally designed HSFs can manipulate mechanical wave propagation. For instance, perforated HSFs with wide 
acoustic attenuation ranges show great promise to serve as acoustic liners for airplane engines [45]. Our recent 
numerical work further demonstrates that perforated AHSFs can simultaneously control sound and elastic wave 
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propagation [46].  In addition to these multifunctionalities, HSFs offer manufacturing flexibility in material 
selection and can be assembled into relatively defect-free periodic structures [40,44], making them ideal for use 
in multiple fields of application. Because of the multifunctionalities, versatile design space, and manufacturing 
flexibility, AHSFs offer an ideal model system to investigate how to achieve lightweight phononic metamaterials 
with low-frequency vibration mitigation. 
In this work, we designed and fabricated AHSFs composed of hollow spheres connected by binders with a body-
centered-cubic (BCC) lattice symmetry (Fig. 1 (a)). The unit cell for Bloch wave propagation analysis and 
detailed geometric description of each component can be found in Figures 1 (b) and (c). We demonstrate both 
experimentally and numerically the existence of phononic band gaps in the proposed AHSFs. Numerical 
simulations indicate that the band gap properties are controlled by the geometric features of the hollow sphere 
and binder. Remarkably, phononic band gap can be altered to a low-frequency range by tailoring the stiffness 
contrast between the hollow sphere and binder. In addition to the AHSF with a BCC lattice symmetry, we will 
show that the elastic wave phenomena persist in AHSFs with other topologies. 
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FIG. 1. Geometric description of the proposed architected hollow sphere foam (AHSF) with a body-centered-
cubic (BCC) lattice symmetry. (a) AHSF consists of spheres (blue) and binders (red). (b) The unit cell of the 
AHSF for Bloch wave analysis. The lattice constant is d . (c) Dimensions of the hollow sphere and binder. Here 
R and t  are the sphere’s outer radius and thickness, respectively. l  and w  are the binder’s length and diameter, 
respectively.   is half of the angle subtended by the binder.  
 
2. Wave propagation test and numerical model validation 
We start by focusing on the existence of phononic band gaps in the proposed AHSFs through a combined 
experimental and numerical effort. For our simulations and experiment, the lattice constant of the unit cell is 3 
cm and the volume fraction of the sample is 10.8%. The lattice constant is determined by the operating frequency 
range of the dynamic signal analyzer and the maximum build volume of our 3D printer. To avoid unsintered 
powder to be encapsulated inside the hollow spheres, AHSF model composed of 6×3×3 unit cells was cut into six 
equivalent layers and fabricated by using an HP Jet Fusion 3D 4200 printer (Fig. 2 (a)). Then, the six layers were 
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glued together using glue gel, and the assembled sample was kept at room temperature for seven days to allow 
for the saturation of the curing. The mechanical properties of the constitutive material Nylon PA12 were measured 
by following ASTM D695. The basic properties of Nylon PA12 are characterized by Young’s modulus E=1.312 
GPa, Poisson’s ratio =0.33, and density of =979 kg·m-3.  
 
To evaluate the vibration mitigation capability, elastic wave transmission tests were performed on the 3D printed 
AHSF, as shown in the experimental setup (Fig. 2 (b)). An impact hammer with a hard tip (PCB Piezotronics, 
Model 086E80) was used to provide impulse forces exerted at the input end of the sample. To simulate the 
longitudinal polarization of the incident waves, we hit the left surface center of the sample along x-direction. The 
hammer can generate an impulse force with the frequency range up to 15 kHz that is sufficient to cover the 
frequency range of interest. To capture the longitudinally polarized wave signal transmitted from the input 
excitation, a piezoelectric accelerometer (PCB Piezotronics, Model 356A16) was attached to the right surface 
center of the sample using adhesive wax. To ensure that the hammer can hit the sample center and accelerometer 
can be attached well to the sample, we added two 3D printed patches (3×3×0.1 cm) on the left and right surfaces, 
respectively. A dynamic signal analyzer (Crystal Instrument corporation, COCO-80) was adopted to record both 
the input force and output acceleration. Figure 2 (c) shows the measured wave transmission spectrum, where a 
strong attenuation zone between 8.6 and 14.1 kHz can be observed.  
 
To confirm the experimentally observed attenuation zone, we performed numerical simulations on the single unit 
cell and the finite size AHSF with 6×1×1 unit cells using a commercial finite element package. Briefly, the 
phononic dispersion relation is constructed by performing eigenfrequency analyses to a unit cell, where Floquet-
Bloch periodic boundary conditions are applied. The unit cell is discretized using 4-node tetrahedral elements, 
which are one-tenth of the minimum wavelength. The dynamic response of the proposed AHSF under elastic 
wave excitations is calculated by performing frequency domain analyses. Perfectly matched layers (PMLs) are 
applied at the two ends of the homogeneous parts to prevent reflections by scattering waves from the domain 
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boundaries. More computational details on the eigenfrequency and frequency domain analyses can be found in 
our previous work [46,47]. Figures 2 (d) and (e) report the simulated phononic dispersion relation and 
transmission spectrum, respectively. Notably, we have a good qualitative agreement for the partial band gap 
between the simulations and experiments (highlighted in gray). The dynamic responses of the AHSF under 
harmonic excitation frequencies inside and outside the band gap further solidify this phenomenon (Fig. 2 (f)). 
When the incident frequency lies outside the band gap (point A), elastic wave can propagate freely through the 
AHSF. By contrast, the incident wave energy will be reflected when the incident wave frequency is located inside 
the band gap (point B).  
 
It should be noted that the attenuation zones in the measured transmission spectra are slightly shifted toward high 
frequencies. This discrepancy is due to the manufacturing defects in the thin walls of hollow spheres (~ 1mm), 
including non-uniform wall thickness and voids among powder. These structural defects will not affect elastic 
wave propagation in the AHSF, since the wavelength is much larger than the powder size. These defects, however, 
could affect the effective stiffness of the structure, which leads to the difference between the lower band gap 
boundary frequencies. In addition, intrinsic material damping affects mechanical wave attenuation at the high-
frequency range, as one can see the attenuation from 14.1 kHz to 15 kHz. This attenuation zone is not attributed 
to the partial phononic band gap. Instead, inherent material damping of Nylon PA12 could be responsible for this. 
A detailed dynamic mechanical analysis is preferred to characterize the damping properties of this material but is 
not the focus of this study [48]. It should be pointed out the large difference between the transmission amplitude 
for experiment and simulation is due to the different model setups. Nevertheless, our dynamic tests evidence the 
existence of phononic band gap and thus wave attenuation capability of the proposed AHSFs. Since both the 
printing technique and wave transmission testing procedure are all well-established, in the rest of this work, we 
will only use numerical simulations to investigate the wave propagation phenomena in the AHSFs. 
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FIG. 2. Elastic wave transmission test on the 3D printed AHSF and numerical modeling validation. (a) 3D printed 
AHSF composed of 6×3×3 unit cells for elastic wave transmission test. Here 3d   cm, 3 5R d , 10R t  , 
2l w   and 18  . Scale bar: 2cm. (b) Experimental setup for elastic wave propagation test. (c) Measured 
elastic wave transmission spectra along x direction. (d) Simulated phononic dispersion relation. (e) 
Simulated wave transmission spectrum. The gray shaded areas in (c)-(e) indicate the band gaps. (f) Finite element 
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model and dynamic responses of the AHSF under excitation frequencies outside (point A: f=2.8 kHz) and inside 
(point B: f=10.6 kHz) the band gap. The color legend represents total displacement amplitude. 
 
3. Design flexibility of phononic band gaps 
3.1 Effect of geometric parameters 
We then numerically investigate the effects of architected foam geometric features on the evolution of the first 
phononic band gap. The unique design of architected foams allows us to study the roles of the hollow sphere and 
binder independently. The mechanical properties of the constitutive material are defined by Young’s modulus 
E=1.6 GPa, Poisson’s ratio =0.33, and density of =1174 kg·m-3 unless otherwise specified. As shown in Figure 
3 (a), by increasing the fillet angle of binder, the relative size of the omnidirectional band gap decreases gradually. 
The relative band gap size was changed from 0.68 to 0.31 when the fillet angle is doubled from 10˚ to 20˚. By 
contrast, the binder slenderness ratio has a pronounced impact on the band gap properties. For a wide binder 
( 2l w  ) representing a strong connection between binders and hollow spheres, the first omnidirectional band 
gap has a relatively small size of 0.1. When the binders become slender ( 10l w  ) corresponding to a soft 
connection, the band gap size increases to 1.47, which is one order of magnitude larger (Fig. 3 (b)). To further 
understand these trends, one can assume that the proposed AHSF behaves as a 3D mass-spring system, where 
hollow spheres act as lumped masses and binders work as springs. Each mass is accompanied by its eight nearest 
neighbors and connected by the spring. Analytical formulations reveal that the first omnidirectional phononic 
band gap results from oscillation and interaction among these masses [49-51] and thus the opening of the first 
band gaps are controlled by the geometric features of the binders and hollow spheres. To confirm this, Figure 3 
(c) shows the effect of hollow sphere thickness and thus the mass on the band gap properties. As expected, by 
increasing the sphere thickness and thus the lumped mass of the system, a larger omnidirectional band gap can be 
observed. These parametric analyses not only demonstrate the design flexibility of the proposed AHSFs with 
targeted phononic band gaps, but also imply that a weak connection among hollow spheres can lead to large band 
gap size in a low-frequency range.  
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FIG. 3. Effects of binder and hollow sphere geometric features on the phononic band gap properties. (a) Effect 
of binder fillet angle. Here 3d   cm, 3 5R d , 10R t  , and 2l w  . (b) Effect of binder slenderness ratio. 
Here 3d   cm, 3 5R d , 10R t  ,  and 18  . (c) Effect of hollow sphere thickness. Here 3d   cm, 
3 5R d , 2l w  ,  and 18  . The normalized frequency is defined as tfd c , where tc  is the transverse 
velocity of the solid phase. The omnidirectional band gap size (green squares □) is defined as 
   2d u l u lf f f f f   , where uf  and lf  present the frequencies of upper (blue triangles ∆) and lower (red 
circles ○) band edge limits of the omnidirectional band gap, respectively. 
 
3.2 Effect of stiffness contrast 
We have shown the targeted phononic band gaps can be achieved by tailoring the geometric parameters of the 
AHSFs. Next, we fix the geometric parameters of the AHSFs and change the stiffness contrast between spheres 
and binders ( s bE E ) to study the effect of this contrast on the band gaps. Here we choose 3d   cm, 3 5R d , 
10R t  , 2l w   and 18  . As displayed in Fig. 4, the first omnidirectional band gap is enlarged from 
=0.36~0.55 to =0.18~0.53 when the binder stiffness varies from one to one-tenth that of the sphere. By further 
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decreasing the stiffness of the binders, the first band gap rapidly shifts toward a much lower frequency range. For 
example, when the stiffness ratio is 1000s bE E  , the frequency range of the band gap decreases to 
=0.02~0.094. To gain physical insights into this trend, we plot the eigenmodes at high symmetry points of the 
band edges, as shown in Fig. 4. The initial AHSF with a single constitutive material shows a Bragg type band gap 
because of the global vibration modes at the band edges (Figs. 4 (a)-(b)). With the increase of stiffness contrast, 
the vibration modes demonstrate a strong localized characteristic. For example, as one can see in Figures 4 (c) 
and (d), the vibrational energy is localized in the hollow spheres at the upper band edges; at the lower band edges, 
the wave energy is concentrated on the soft binders. Essentially, these eigenmodes analyses suggest that by 
tailoring the stiffness contrast between components, the band gap formation mechanisms can be switched from 
Bragg scattering to local resonance.  
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FIG. 4. Effect of stiffness contrasts between spheres ( sE ) and binders ( bE ) on phononic dispersion relations of 
the AHSF with a BCC lattice symmetry. (a) 1s bE E  , (b) 10s bE E  , (c) 100s bE E  , and (d) 
1000s bE E  . Here 3d   cm, 3 5R d , 10R t  , 2l w   and 18  . The gray shaded areas in the 
dispersion relations represent the first omnidirectional band gaps. The contour plots are eigenmodes at high 
symmetry points of the first irreducible Brillouin zone. 
 
A more detailed analysis of the effect of stiffness contrast on the first band gap properties is summarized in Fig. 
5. The band gap is abruptly shifted toward low-frequency range with the increase of stiffness ratio, while the 
relative band gap size increases linearly until a critical value is reached. At this threshold, the stiffness contrast is 
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50. Compared with conventional approaches such as harnessing structural instability to tune band gap properties 
[52-54], the proposed approach does not need to change the architectures by applying external stimuli. 
Importantly, compared with existing 3D phononic crystals [49,50,55-60], the proposed AHSF only requires a 
volume fraction of 10.8% while exhibiting a comparable band gap size exceeding 130%. This remarkable low-
frequency band gap feature along with the lightweight design offers a promising approach for low-frequency 
vibration control, such as ground transportation induced vibrations and low amplitude seismic waves[47,61]. In 
addition to choose different constitutive materials, the stiffness contrast can be accomplished by using active 
materials, such as shape memory polymers[62], shape memory alloys[63], and magnetic elastomers[64,65]. As 
demonstrated by recent experimental work, the stiffness of 3D printed shape memory polymer can be tuned over 
three orders of magnitude by resistance wire heating [66]. For our case, by wrapping the binders with designed 
resistance wire, one can tune the binder stiffness and hence achieve tunable low-frequency band gaps, as predicted 
by our numerical simulations.  
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FIG. 5. Effect of stiffness contrast on the first phononic band gap properties. (a) Omnidirectional band gap 
position. (b) The relative band gap size of omnidirectional band gaps. For the definition of normalized frequency 
and band gap size, please refer to the caption of Figure 3 for explanation. 
 
3.3 Effect of lattice symmetry 
The elastic wave propagation results reported so far are focused on AHSFs with a BCC lattice symmetry. We 
now proceed to examine the effect of lattice symmetry on the band gap properties. Figure 6 reports the phononic 
dispersion relations of AHSFs with a simple cubic (SC) and a face-centered-cubic (FCC) lattice symmetry. For 
the AHSF with an SC lattice symmetry, an omnidirectional band gap is observed in =0.28~0.47, which is shifted 
to =0.05~0.25 when the stiffness contrast increases to 100. Notably, the relative band gap size is enlarged from 
0.52 to 1.36. Similar evolution trend of the first band gap can be observed in the dispersion relations of the AHSF 
with an FCC lattice symmetry. The relative band gap size is increased from 0.22 to 1.23. Physically, the global 
vibration modes of the initial AHSFs with SC and FCC lattice symmetries indicate Bragg type band gaps, while 
the localized deformation patterns in AHSFs with a high stiffness contrast suggest locally resonant band gaps.  
These results imply that the proposed design strategy and physical mechanisms are robust and can be extended to 
architected foams with other topologies. 
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FIG. 6. Effect of lattice symmetry and stiffness contrast on phononic dispersion relations. (a)-(b) AHSFs with a 
simple cubic (SC) lattice symmetry, but with 1s bE E   and 100s bE E  . (c)-(d) AHSFs with a face-centered-
cubic (FCC) lattice symmetry, but with 1s bE E   and 100s bE E  . Here 3 5R d , 10R t  , 2l w   and 
18  .  
 
4. Conclusions 
In summary, we have numerically and experimentally demonstrated the existence of an omnidirectional band gap 
in the 3D printed architected hollow sphere foam. The wave attenuation zone in the measured transmission 
spectrum agrees well with our our numerical predictions. Because of the unique design of the proposed architected 
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foams, we have shown the design flexibility to change the band gap properties by tailoring the geometric and 
material parameters of the binder and hollow sphere. Remarkably, without changing the architecture or breaking 
lattice symmetry, the omnidirectional phononic band gaps can be shifted toward a low-frequency range by simply 
tailoring the stiffness contrast between hollow sphere and binder. We also evidenced that the proposed design 
paradigm and the physical mechanisms are robust and are applicable to AHSFs with other lattice symmetries. The 
findings reported in this work not only provide useful guidelines to design a new type of lightweight phononic 
metamaterials with low-frequency band gaps but also offers implications to develop active architected materials 
with tailored dynamic behaviors for a broad range of applications ranging from selective noise and vibration 
control to shock wave mitigation. 
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